Abstract While the evolutionary changes that led to traits unique to humans remain unclear, there is increasing evidence that enrichment of the human genome through DNA duplication processes may have contributed to traits such as bipedal locomotion, higher cognitive abilities and language. Among the genes that arose through duplication in primates during the period of increased brain development was GLUD2, which encodes the hGDH2 isoform of glutamate dehydrogenase expressed in neural and other tissues. Glutamate dehydrogenase GDH is an enzyme central to the metabolism of glutamate, the main excitatory neurotransmitter in mammalian brain involved in a multitude of CNS functions, including cognitive processes. In nerve tissue GDH is expressed in astrocytes that wrap excitatory synapses, where it is thought to play a role in the metabolic fate of glutamate removed from the synaptic cleft during excitatory transmission. Expression of GDH rises sharply during postnatal brain development, coinciding with nerve terminal sprouting and synaptogenesis. Compared to the original hGDH1 (encoded by the GLUD1 gene), which is potently inhibited by GTP generated by the Krebs cycle, hGDH2 can function independently of this energy switch. In addition, hGDH2 can operate efficiently in the relatively acidic environment that prevails in astrocytes following glutamate uptake. This adaptation is thought to provide a biological advantage by enabling enhanced enzyme catalysis under intense excitatory neurotransmission. While the novel protein may help astrocytes to handle increased loads of transmitter glutamate, dissociation of hGDH2 from GTP control may render humans vulnerable to deregulation of this enzyme's function. Here we will retrace the cloning and characterization of the novel GLUD2 gene and the potential implications of this discovery in the understanding of mechanisms that permitted the brain and other organs that express hGDH2 to fine-tune their functions in order to meet new challenging demands. In addition, the potential role of gain-offunction of hGDH2 variants in human neurodegenerative processes will be considered.
Introduction
Glutamate dehydrogenase (GDH) (E.C. 1.4.1.3) catalyses the reversible inter-conversion of glutamate to a-ketoglutarate and ammonia using NADP(H) and/or NAD(H) as cofactors. This enzyme is expressed by all living organisms, providing an important link between amino acid and carbohydrate metabolism. In prokaryotes and protistans, GDH is thought to operate primarily in the amination direction producing glutamate needed for the synthesis of proteins and other compounds. These organisms express different proteins with GDH catalytic activity specific for NAD(H) or NAD(P). On the other hand, mammalian GDH utilizes both co-factors and thought to operate predominantly in the oxidative deamination direction. Glutamate oxidation by GDH in mammalian tissues is linked to Krebs cycle anaplerotic mechanisms, energy production and ammonia homeostasis. Mammalian GDH is a hexameric molecule composed of six identical subunits, each of which has a molecular mass of *56 kDa and consists of a polypeptide chain of 505 amino acids. Its activity is allosterically regulated with GTP and ADP serving as its main endogenous negative and positive modulators, respectively. Until recently, all mammals were thought to possess a single functional GDH-specific gene highly conserved during evolution through strong purifying selection. As described below, our work led to cloning and characterization of the second GDH-specific gene in the human that shows a distinct tissue expression profile and regulatory properties.
Evidence for Multiplicity of Human GDH
About three decades ago, when we started our work on human GDH, the mammalian enzyme had already been extensively studied. Its catalytic mechanisms and allosteric regulation had been the subject of excellent analyses [1, 2] . Moreover, the enzyme had been purified from several mammalian tissues (mostly from the liver, where it accounts for about 1 % of the total protein) and directly sequenced [3] . The overwhelming evidence stemming from those investigations, pointed towards a single housekeeping GDH that has been remarkably conserved during mammalian evolution. Contrary to this belief, we obtained evidence for multiplicity of the human enzyme by showing that GDH in human tissues exists in particulate-bound and readily solubilized isoforms, differing in their thermal stability and regulatory properties [4] . The two isoforms, named heat-stable and heat-labile GDH, were differently altered in leukocytes of patients with late-onset neurologic disorders characterized clinically by a combination of extrapyramidal deficits (parkinsonism), cerebellar dysfunction and other features, but without progressive autonomic failure [4] . However, no such abnormalities were detected in the leukocytes of patients with dominantly inherited Spinocerebellar Atrophy (SCA), Friedreich's Ataxia, Amyotrophic Lateral Sclerosis (ALS), typical Parkinson's Disease (PD), Progressive Supranuclear Palsy or Huntington's Disease [4] .
In light of these findings, we sought to determine whether electrophoretically distinct GDH isoforms are present in human nerve tissue. For this, GDH activities were purified to homogeneity from human brain using a combination of ammonium sulfate fractionation, hydrophobic interaction and GTP affinity chromatography and analyzed by non-equilibrium pH gradient gel electrophoresis [5] . We studied postmortem cerebellar tissue obtained from three control subjects and seven patients with well-characterized chronic degenerative neurological disorders. Of the latter, two had PD, two ALS, two dominantly inherited SCA1 and one dominantly inherited SCA7 (based on the present classification criteria).
Two-dimensional gel electrophoresis of the purified enzymes revealed that brain GDH in non-neurologic controls was composed of four major isoproteins (designated GDH isoprotein 1, 2, 3 and 4), differing in their electric charge and slightly in their molecular weight. In contrast, pulse-chase labeling studies using HepG2 and U373 cultured cells revealed that these cells synthesized a single GDH isoprotein (not modified post-translationally) that comigrated with GDH isoprotein 2 of the human brain [5] . While the origin of the four GDH isoforms of human brain remained unclear, cloning of the GLUD1 gene (see below) permitted the detection of four different sizes of mRNAs in human tissues, including the brain [6] . Sequencing of a GLUD1 gene cDNA predicted a 53-amino acid mitochondrial targeting signal, the amino-terminal residues of which were Ala-Arg-Arg-His-Tyr [6] . In light of this, it was hypothesized that cleavage at the Ala (-5) residue and subsequent slow removal of Arg (-4) and Arg (-3) residues could generate acidic GDH isoprotein species [5] . However, following the cloning of the two human GDHspecific genes, we obtained recombinant hGDH1 and hGDH2 isoproteins by expressing the GLUD1 and GLUD2 cDNAs in Sf9 insect cells, and sequenced their N-terminus domains. These studies revealed that the leader peptide in both human isoproteins were cleaved between Tyr(-1) and Ser(?1) [7] . Subsequent studies that used molecular biological methods to follow the subcellular distribution of hGDH1 and hGDH2 in cultured cells revealed that both isoenzymes were localized primarily to the mitochondria and that the deletion of 53 amino acid-long N-terminal sequence prevented the enzymes from entering these organelles, thus confirming the role of this sequence as mitochondrial target signal [8] . These studies also revealed that both human GDHs localized partly to the endoplasmic reticulum (ER) [8] , in accordance with previous studies showing that GDH activity was recovered from ER fractions obtained from various mammalian tissues, including the brain.
While the electrophoretic pattern of GDH purified from the cerebellum of patients with PD, ALS and SCA1 was similar to that of non-neurologic controls that of the patient with SCA7 showed a marked reduction in GDH isoprotein 1 [5] . Functional studies revealed that this patient's brain GDH displayed altered kinetics (K m for the enzyme's substrates) as compared to controls or to patients with other neurologic patients. Moreover, glutamate levels were reduced markedly in the patient's cerebellum (2.17 lmol/ mg wet tissue) as compared to non-neurologic controls (8.75 ± 1.72; range: 6.75-11.20 lmol/mg wet tissue; Neurochem Res (2014) 39:460-470 461 N = 7) with aspartate showing lesser decreases. In contrast, the levels of GABA, taurine and glutamine were within the normal range. These findings suggest that the abnormal electrophoretic pattern of this patient's brain GDH was associated with altered catalytic function, resulting in depletion of brain glutamate pools. Also, as aspartate in brain is primarily derived from glutamate and oxaloacetate by transamination, the decrease in the aspartate levels could be secondary to the severe glutamate reduction [5] . The reasons for the marked reduction in GDH isoprotein 1 remains unclear, although defective synthesis or posttranslational modification were implicated [5] . The latter possibility seems more likely at the present, given that SCA7 proved to be a (CAG)n expansion disorder [9] . In this regard, sequestration of GDH to aggregates formed by the TXN-7 mutant polyglutamine may prevent the normal processing and function of the enzyme. By analogy, mutant huntingtin is shown to form a ternary complex with GAPDH and ubiquitin-E3-ligase, which enhances the nuclear translocation and cytotoxicity of the polyglutamine [10] . As such, our observations, though limited to single SCA7 case, may provide important clues for understanding the disease's pathophysiology. Obviously, data on additional SCA-7 patients are needed to see whether the abnormalities in brain GDH polymorphism and in glutamate metabolism, detected in our patient, occur consistently in SCA7 or other forms of polyglutamine disorders.
Cloning of the GLUD1 Gene
Parallel to our work on human GDH protein, we initiated a collaborative effort with Dr. N. Moschonas at the Institute of Molecular Biology and Biotechnology (IMBB) of Crete to clone the gene that encodes the human enzyme. These efforts were met with success as screening of a cDNA library derived from human liver, using synthetic oligonucleotides corresponding to amino acid sequences of human GDH led to the isolation of a series of cDNA clones specific for this enzyme [6] . Sequencing of an isolated fulllength cDNA clone revealed that it specified a single 558-amino acid long protein that included the 53 amino acid N-terminal cleavable peptide described above [6] . Northern blot analysis of RNA from human, monkey and rabbit showed that GDH mRNAs of four different sizes were present in all tissues analyzed but at different ratios, while Southern blots of human genomic DNA revealed evidence for the presence of multiple GDH-specific genes. Subsequent studies indeed led to the cloning and characterization of several truncated GLUD1 genes localized to the 10th human chromosome near the GLUD1 gene locus [11, 12] . Concurrent efforts by Nakatami, et al., [13] also led to the isolation of GDH-specific cDNA clones from a fibroblast cDNA library. The authors provided a full sequence of the GLUD1 gene and also indentified the same 53 amino acid-long cleavable N-terminal sequence as described above.
Cloning of the GLUD2 Gene
Southern blot analysis of human genomic DNA revealed evidence for additional GDH-specific genes located on the 10th chromosome, all these proved to be non-functional pseudogenes [11, 12] . Thus, molecular proof for the presence of more than one functional GLUD genes and their products in the human was lacking. In our further attempts to detect structurally distinct GDH isoproteins, particulatebound and readily solubilized GDH activities were purified from human brain (using the method described above) and studied by peptide mapping. While the electrophoretic pattern of peptides generated by trypsin digestion of the two purified proteins was distinct, sequencing of these peptides produced disappointing results as all amino acid sequences obtained corresponded to those predicted by the cloned GLUD1 gene [6] . The reasons for the inability to detect hGDH2-specific sequences in human brain were not entirely clear. However, after the GLUD2 gene was cloned we realized that the hGDH2 does not bind to GTP whereas hGDH1 does (see below). As such, failure to detect hGDH2 in fractions eluted from the GTP-Sepharose column used for purifying the enzymes from human brain tissue may be due to its inability to bind to this column.
It was against this background that we intensified our efforts to clone the heat-labile GDH. Initial screening of cDNA libraries constructed from human tissues led again to the isolation of cDNA clones specific for GLUD1. These results were consistent with data from Public access EST libraries derived from human tissues, which showed that these are highly enriched in GLUD1. Following the cloning of the GLUD2 gene [14] (see below), however, a few EST clones specific for this gene derived from human brain (hippocampus), testis, embryonic tissue and various tumors have been deposited in these databases.
The breakthrough came when we screened a cDNA library constructed from human retina. This led to the isolation of a full-length cDNA clone [14] encoding a protein distinct from that specified by the GLUD1 gene. The novel gene was subsequently named GLUD2 and localized to the human chromosome X [14] . It specified a human GDH isoenzyme (named hGDH2) that is highly homologous to hGDH1, with the two proteins sharing in their mature forms all but 15 of their 505 amino acids. However, their N-terminal mitochondrial signal peptide (53 amino acid-long in both) showed a greater of amino acid sequence divergence [14] . In this regard, Rosso et al. [15] found evidence that leader peptide of hGDH2 provided the enzyme with an enhanced mitochondrial targeting specificity. Analysis of mRNA isolated from human tissues revealed that the novel gene was expressed by human retina, brain and testis but not by the human liver [14] . More recently, Tomita et al. [16] have used a brain cDNA library to isolate a GLUD2 clone, thus verifying the existence of mature full-length GLUD2 mRNAs in human brain. To identify the gene encoding our cDNA we collaborated with the IMBB of Crete team that had isolated several GDH-specific genomic clones [11, 12] . These efforts revealed that our GLUD2 cDNA corresponded to an intronless gene that may have arisen from retro position of the GLUD1 gene to the human X chromosome [14] .
Characterization of the GLUD2 GDH
The next challenge was to demonstrate the functionality of the GLUD2 gene. Initially, GLUD1 and GLUD2 were translated in vitro using the rabbit reticulocyte lysate system [14] , that produced proteins with a molecular weight of about 62 KD corresponding to the full length human GDHs that retains the mitochondrial signal peptide. Interestingly, the GLUD2-derived isoenzyme migrated on SDS-PAGE slightly higher than the GLUD1-isoprotein [14] . Subsequent studies on recombinant human GDHs, obtained by expression in eukaryotic systems [17, 18] or even in E. coli [19] revealed that this migration pattern is one of the intrinsic properties of hGDH2 that resulted from substitution of Ser for Arg443 [17, 18] . Following the successful in vitro translation, we sought to obtain a functional recombinant hGDH2 protein. Initial efforts to express the GLUD2 cDNA in the Sf9 cells (of the insect of Spodoptera frugiperda) using the baculovirus expression system proved highly successful, yielding a recombinant hGDH2 isoprotein with catalytic properties comparable to those of the endogenous mature GDH purified from human brain [14] .
Following cloning of the GLUD2 gene, we have undertaken extensive investigations in order to characterize the expression profile and the functional properties of hGDH2 as well as its role in the biology of human tissues. Initial functional studies performed on recombinant hGDH1 and hGDH2 obtained by expression of the corresponding GLUD1 and GLUD2 cDNAs in Sf9 cells, revealed that while hGDH1 was heat-stable, hGDH2 was heat-labile [7] , thus confirming our original observations suggesting that human GDH exists in two isoforms differing in their thermal stability [4] . Subsequent studies revealed that the sensitivity of hGDH2 to thermal inactivation results from substitution of Ser for Arg443 [17, 19] , a fundamental evolutionary change that equipped hGDH2 with unique functional properties as described below.
Expression of human GLUD genes in Sf9 or Sf21 cells using the baculovirus expression system proved highly reproducible, yielding over the years high quality recombinant wild-type hGDH1 and hGDH2 and their mutants. This has facilitated structure/function analyses of these proteins. Amino acid sequencing of the N-terminus of recombinant hGDH1 and hGDH2, obtained by expression of the corresponding cDNAs in Sf9 cells, revealed that both had been cleaved at the predicted cleavage site [7] . These data suggest that the expressed proteins were processed in the insect cells in manner similar to that in human tissues. That the obtained recombinant human GDHs are identical to the endogenous tissue enzymes has been confirmed by functional studies showing that recombinant hGDH1 had the catalytic and regulatory properties of GDH purified from human liver that expresses only the hGDH1 [14] .
Direct comparison of hGDH1 and hGDH2 obtained by expression of the corresponding cDNAs in Sf9 cells revealed that while both proteins showed comparable catalytic activities when fully activated by 1.0 mM ADP, hGDH2 displayed only 5 % of its maximal activity in the absence of this activator. Under these conditions, the housekeeping hGDH1 displayed approximately 35-40 % of its maximal activity. Low physiological levels of ADP (0.05-0.25 mM) induced a concentration-dependent enhancement of enzyme activity that was proportionally greater for hGDH2 (by 550-1,300 %) than for hGDH1 by 120-150 %. These results suggested that allosteric modulation by of hGDH2 activity by rising ADP levels may be of importance for regulating brain glutamate fluxes in vivo under changing energy demands [7, 20] .
L-leucine, at 1.0 mM, also induced a proportionally greater activation of hGDH2 (by 1,600 %) than of hGDH1 (by 75 %). Whereas L-leucine, at levels similar to those found in mammalian tissues (about 0.10-0.15 mM) had little effect on either human isoenzyme, the low concentrations of ADP (0.01-0.05 mM) permitted activation by physiologically relevant levels of L-leucine. While activation of hGDH1 by L-leucine can stimulate insulin secretion by the pancreatic beta-cells [21, 22] , the physiological implications of hGDH2 activation by rising L-leucine levels in nerve tissue function remain unclear. There is however, evidence that L-leucine levels increase in brain during ischemia and that L-leucine enhances glutamate oxidation by brain synaptosomes [23] . As ADP and L-leucine act synergistically to enhance GDH activity, this amplification may permit enhanced glutamate metabolism in response to small-scale energy changes.
As magnesium ions are known to interact with mammalian GDH [24] , we tested their effect on recombinant human GDHs [7] . Results revealed that magnesium 64 %) , but ADP reversed this inhibition. While magnesium chloride had no effect on the basal activity of hGDH2, it modified the ADP activation curve of hGDH2, rendering it sigmoidal instead of hyperbolic (no Mg 2? ) [7] . As the levels of Mg 2? in the mitochondrial matrix are about 1.0 mM [25] and those of ADP vary between 0.05 and [1.0 mM (depending on the rate of oxidative phosphorylation) [26] , modulation of enzyme activity by magnesium may keep hGDH2 relatively idle when high rates of phosphorylation prevail (low ADP levels), while allowing full enzyme recruitment under decreased cellular energy charge (high ADP levels). Magnesium ions are known to bind at an internal binding site of the NMDA receptor creating a voltage-dependent block [27, 28] . While this Mg 2? effect my play a role in modulating excitatory transmission at the glutamate receptor level, interaction with human GDHs may provide parallel mechanism by which of Mg 2? affects the metabolism of transmitter glutamate. As such, the implications of these findings in nerve tissue physiology in health and disease remains to be further elucidated.
It is well established that mammalian GDH is powerfully inhibited by GTP and activated by ADP [1, 2] . There is evidence that control of enzyme activity by GTP generated by the Krebs cycle is essential for regulating the flux of glutamate through this pathway. Thus, attenuation of GDH inhibition by GTP due to decreased Krebs cycle rate (low cellular energy charge) may permit glutamate to fuel the Krebs cycle, thus replenishing cellular energy stores. Initial studies carried out in crude extracts of Sf9 cells revealed that, while GTP powerfully inhibited hGDH1 (IC 50 = 0.20 lM), hGDH2 was insensitive to it [20] . Further studies on recombinant hGDH1 and hGDH2 purified to homogeneity confirmed this differential sensitivity [17] . These observations showing the hGDH2 has dissociated its function from GTP control may have important implications for the role of this novel human enzyme in cell biology as discussed below.
Origin and Adaption of the GLUD2 Gene As indicated above, there is molecular evidence that the GLUD1 gene was retroposed to the X chromosome, where it gave rise to the GLUD2 gene [14] . Burki and Kaessmann [29] presented evidence that the retroposition event might have occurred rather recently in human evolution (\23 million years ago). The authors showed that while the GLUD2 gene is present in the humans and the great apes, it does not exist in old world monkeys, suggesting that retroposition occurred after the separation of the human from the African green monkey lineage and before the separation of the human from the gibbon lineage [29] . As such, GLUD2 is one of the youngest human genes [30] . Following its retroposition to the X-chromosome, the GLUD2 gene evolved via random mutations and natural selection acquiring novel properties. To delineate the molecular basis of the functional differences between hGDH1 and hGDH2, site-directed mutagenesis studies were undertaken [18, 31] . Of these, substitution of Ala for Gly456 provided resistance to GTP [31] , thus dissociating hGDH2 function from the control of this energy switch. Another evolutionary change that had major functional consequence was substitution of Ser for Arg443Ser [18] . It markedly decreased basal activity while permitting full restoration of enzyme function by ADP and L-leucine [17, 18] . In addition, the Arg443Ser change made hGDH2 sensitive to thermal inactivation and to inhibition by estrogens [32] and neuroleptic agents [33] . The two major amino acid replacements (Arg443Ser and Gly456Ala) occurred soon after the birth of the GLUD2 gene, along with the Glu34Lys, Asp142Glu, Ser174Asn and Asn498Ser changes [29] ; these are thought to be under positive natural selection. Also, the Ser331Thr, Met370Leu and Arg470His mutations that occurred just before the separation of the human from the orangutan lineage (Fig. 1 ) may have been positively selected [29] . While the Arg443Ser and Gly456Ala mutations resulted in major functional changes, these are not sufficient to explain all hGDH2 properties. As such, additional amino acid replacements in GLUD2 that occurred later on during the human evolution must have provided further functional refinement. This challenging issue remains to be further elucidated.
The genesis and evolutionary adaptation of the GLUD2 gene coincides with the time period of increase in primate brain size and complexity [29] . During the same period, similar evolutionary changes to those of the GLUD2 gene occurred in many other genes involved in brain size determination, neurotransmission, vision, memory and neural cell metabolism. Of the brain-expressed genes that were positively selected in the ape stem period of human ancestry (25-6 million years ago), those encoding mitochondrial proteins involved in aerobic energy metabolism were particularly favored [34] [35] [36] . This has been explained by the high energy demands of the developing nerve system during gestation with fetal brain thought to consume about 65 % of the total's body metabolic energy [37] . Given the dual role of GDH in transmitter glutamate and energy metabolism, the newly acquired GLUD2 gene may have contributed to increased human brain capabilities as suggested by Burki and Kaessmann [29] . While a large number of new human genes emerged after a burst of retropositions in primates [36] many of those followed a reverse course (from the X-chromosome to an autosome), probably to maintain important functions during spermatogenesis in males. On the other hand, the X-linked GLUD2 gene protein encodes hGDH2, which is a mitochondrial protein not expressed in spermatids (haploid cells) nor in spermatozoa that contain practically no mitochondria [38] . Instead, in human testis hGDH2 is expressed in Sertoli cells that line the somniferous tubules and that support and nourish sperm cells, providing them with lactate and other substances [38] .
Expression of GLUD2 in Human Tissues
While the cellular and subcellular distribution of GDH in rat CNS has been studied extensively, studies in human brain are largely lacking. Using IHC methods Aoki et al. [39] showed that in rat brain GDH is mainly expressed in astrocytes, with GDH-specific staining following the pattern of brain glutamatergic pathways. These results along with data showing that GDH is enriched in synaptic mitochondria and that its activity increases markedly during brain development in parallel with synaptogenesis [40] support the thesis that GDH plays a role in neurotransmission mechanisms.
Because the antibodies used in previous ICH investigations on mammalian brain were raised against the readily available bovine liver GDH, these antibodies cross-react with GDHs from different species, including human hGDH1 and hGDH2 [38] . In light of this, efforts were undertaken to obtain antibodies specific for each of the human GDH isoenzymes, although their high amino acid sequence similarity made this undertaking challenging. Initial efforts to immunize rabbits against a 12-amino acid-long peptide (PTAEFQDSISGA; residues 436-447 of the mature hGDH2) containing the R443S evolutionary replacement that alters the conformation of the protein were met with success [38] . Indeed, the obtained antibody reacted with high affinity with the wild-type hGDH2, but not the wildtype hGDH1. The antibody did not bind to the Ser443Arg-hGDH2 mutant and showed decreased affinity for other hGDH2 mutants carrying mutations of residues within the above 12 amino acid-long peptide (used to raise the antibody). On the other hand, substitution of residues outside of this epitope did not affect binding of the antibody to the hGDH2 mutants. Remarkably while the antibody did not bind in Western blots to the wild-type hGDH1, it recognized Fig. 1 Amino acid changes acquired by GLUD2 and their effect on enzyme function. The phylogenetic tree shown here, depicting the evolution of the GLUD2 gene in primates, including internal nodes (A-F) and approximate divergence times (Mya: millions in years) was modified from Burki and Kaessmann [29] . The effect of evolutionary mutations in enzyme function has been studied in single hGDH1 mutants as previously described [33] . This Figure is from Plaitakis et al. [33] Neurochem Res (2014) 39:460-470 465 the single Arg443Ser hGDH1 mutant, thus confirming the specificity of the antibody for this hGDH2 epitope [38] . Development of this antibody was a major step for elucidating the cellular and subcellular distribution of hGDH2 isoprotein in human tissues, including the brain. As detailed in the paper by Spanaki et al., in this issue, IHC studies in human brain revealed that hGDH2 is expressed in astrocytes in the gray and white matter of human cortex [39] . In these cells, the hGDH2-specific staining was observed in the cytoplasm and along the proximal and distal processes within coarse structures that resemble mitochondria. A similar punctuate staining was also observed in the wall of cerebral vessels, probably representing astrocytic end-feet that embrace the cerebral vasculature. On the other hand, neurons showed faint diffuse cytoplasmic staining, although, occasionally a superimposed punctuate intense staining was also observed. No expression of hGDH2 was found in oligodendrocytes or in myelinated fibers. In addition to human brain, hGDH2 was also expressed by the Sertoli cells of human testis and the cells that line the proximal convoluted tubules of human kidney [38, 41, 42] . More recent studies have led to the realization that expression of hGDH2 in human tissues is more widespread than initially appreciated (Spanaki et al. unpublished data).
Putative Role of hGDH2 in Cell Function
While mammalian GDH has been studied for over half century, its exact role in cell biology has not been fully understood. As detailed in the paper by Spanaki et al., in this issue, the cellular distribution of GDH in various mammalian tissues is heterogeneous and that glutamate flux through GDH is linked to cell signalling mechanisms that may be tissue-specific [43] . To keep this flux under tight control the mammalian GDH is subject to complex allosteric regulation with GTP and ADP serving as the main negative and positive modulators as noted above. Regulation of GDH activity by these endogenous effectors permits glutamate to fuel the Krebs cycle according to the cellular need for ATP [1] . Evidence to show that hGDH1 catalytic function boosts cellular energy charge were obtained for the pancreatic beta cells, which are known to release insulin in response to increased ATP levels [43] . Consistent with this thesis are observations in children with mutations in the GLUD1 gene that attenuate GTP inhibition. In these patients, the overactive GDH leads to hypoglycemia due inappropriate insulin release through enhanced synthesis of ATP [44] .
Sensitivity of hGDH1 to GTP is essential for regulating glutamate flux according to cellular energy needs, as the GTP pool that interacts with hGDH1 is derived from the Krebs cycle with each turn of cycle generating one GTP molecule. As such, when the rate of Krebs cycle decreases (due to limited availability of substrates or other factors) the resultant attenuation of GTP inhibition may permit hGDH1 to convert glutamate to a-ketoglutarate, which can then replenish the Krebs cycle restoring its function as noted above. While these considerations are applicable to hGDH1, the discovery of hGDH2 and the realization that the isoenzyme is regulated by distinct molecular mechanisms have introduced new complexities. Specifically, dissociation of hGDH2 from GTP control implies that enzyme function in no longer linked to the rate of the Krebs cycle (and consequently to GTP formation). While hGDH2 shows low basal activity when assayed under standard conditions, its specific activity increased linearly (r = 0.94) with increasing enzyme concentrations (0.5-6.5 lg/ml) [17] . As the enzyme can attain very high levels (up to 10 mg/ml) in mitochondrial matrix [45] , hGDH2 may be active in the matrix environment in the absence of allosteric activator and even when Krebs cycle function generates GTP levels sufficient to inhibit hGDH1.
In the human nerve tissue hGDH2 is predominantly expressed in astrocytes, the cells involved in many aspects of the glutamate recycling that occurs in excitatory synapses. In the tripartite glutamatergic synapse the astrocytic processes that wrap nerve endings are packed with mitochondria, a finding indicative of the importance of energy metabolism in neurotransmission processes [46] . Astrocytes are largely responsible for the removal and metabolism of transmitter glutamate, which they can convert to glutamine by Glutamine Synthetase (GS) or to a-ketoglutarate via the action of GDH or aspartate amino transferase (AAT). While glutamine is exported to neurons to be used as precursor of transmitter glutamate (glutamate-glutamine cycle), a-ketoglutarate generated in the mitochondrial matrix via GDH can enter the Krebs cycle being eventually metabolized to CO 2 and H 2 O [47] . However, complete oxidation of glutamate requires pyruvate recycling [48] . In this regard, a-ketoglutarate that enters the Krebs cycle can generate malate and/or oxaloacetate that may be decarboxylated to form pyruvate. The latter can in turn become a substrate for pyruvate dehydrogenase or be reduced in the cytosol to lactate and be released in the extracellular space [49] . In addition, astrocytes have been assigned many other roles, including modulation of excitatory transmission and of synaptogenesis [50] . It has also been suggested that hormonal regulation the the tripartite synapse may enhance the ability of humans to respond to changes in the external and internal environment [51] . This is of particular interest in light of data showing that hGDH2 is sensitive to modulation by steroid hormones [32] .
Synaptic glutamate is transported inside the astrocytes via two classes of membrane-bound excitatory amino-acid transporters (EAAT1 and EAAT2 in the human). It is an energy intense process that increases the overall ATP consumption by two-to three-fold [52] . Glutamate uptake is Na ? -coupled with one glutamate being co-transported with three Na ? and one proton in exchange with one K ? [53] . Co-transport of one proton with each cycle of glutamate transport has been shown to lead to significant cellular acidification [54] . Azarias et al. [55] found that primary cultures of cortical astrocytes, obtained from newborn mice, showed significant mitochondrial matrix acidification upon glutamate transport. In light of these findings, the lower optimal pH of hGDH2 may provide a biological advantage by enabling the enzyme to efficiently metabolize transmitter glutamate under the acidic conditions that prevail in the mitochondrial matrix following glutamate uptake. However, Azarias et al. [55] reported that glutamate transport was associated with decreased mitochondrial respiration, probably to protect the cells from mROS production [55, 56] . As such, while hGDH2 properties may help human astrocytes to handle an increased load of transmitter glutamate, a fine line may exist between the physiological role of hGDH2 and its potential to induce cell damage as discussed below.
Putative Role hGDH2 Deregulation in Human Degenerations
We have originally reported that abnormalities in glutamate metabolism occur in patients with parkinsonism/cerebellar syndromes [57] and in patients affected by typical ALS [58] . Others [59] have also reported similar abnormalities in PD patients. In light of these findings, we searched for sequence alterations in the GLUD1 and GLUD2 genes in 281 patients with PD and 80 patients Amyotrophic Lateral Sclerosis (ALS). These investigations [60] revealed that a T1492G rare variant, which results in the substitution of Ala for Ser445 in the regulatory domain of hGDH2, interacted significantly with age at onset in the PD, but not in ALS patients. An expanded study that included 584 PD patients from Greece and 224 PD patients from Central California revealed that in the Greek cohort, G hemizygotes developed PD at a younger age (54.6 ± 11.1 years) than G/T heterozygotes (67.7 ± 8.1 years, P = 0.001), T hemizygotes (64.0 ± 10.7 years, P = 0.003) or T/T homozygotes (62.9 ± 11.0 years, P = 0.011). Similarly, in the American cohort, patients hemizygous (N = 224) for the G allele also developed PD 6 to 13 years earlier than subjects with other genotypes, with this difference being significant when G hemizygotes (mean age at PD onset: 61.3 ± 15.7 years) were compared with G/T heterozygotes (mean age at PD onset: 74.4 ± 5.8 years; P = 0.049) [60] . In contrast, no such age differences were found in G heterozygous PD females. The frequency of T1492G polymorphism was rare, with the G allele being present in 3.6 % PD patients in the Greek cohort (N = 584) and in 4.3 % in the American PD group (N = 224). These frequencies were not significantly different than those of the control sample from each population, suggesting that, while the presence of this polymorphism accelerates the onset of PD, it may not be sufficient to cause PD in non-susceptible individuals [60] . The detected T1492G change results in substitution of Ala for Ser-445, which is located in small descending helix of the ''antenna'' that undergoes marked conformational changes during catalysis [61] . The ''antenna'', a 48-amino acid protrusion in the regulatory domain of GDH is thought to play a role in mechanisms of allostery, although this structure is not directly involved in the binding of the two main endogenous modulators (GTP or ADP) of the enzyme. Functional analyses of the Ala445-hGDH2 variant obtained in recombinant form revealed that its specific activity was substantially greater than that of the wild-type hGDH2, with this difference becoming greater by increasing enzyme concentration during the assay (Fig. 2 ) [60] . Substitution of Ala for Ser445 is thought to stabilize the small a-helix of the antenna, as alanine is considered to be better a-helix formers than serine. Stabilization of the a helix would favour an open mouth conformation, thereby counteracting the capacity of the evolutionary Arg443Ser change of hGDH2 to minimize basal activity. The Fig. 2 Basal-specific activities of purified recombinant wild-type hGDH1 and hGDH2 and the Ala445-hGDH2 variant. Assays were performed at 25°C in the absence of allosteric effectors as described [55] . Each point represents the mean ± SEM (bar) of three to five experimental determinations. The slope (±SE) of each regression line is given below as the rate of change of specific activity (in mmol/min/mg) per mg increase in enzyme concentration. The R correlation coefficient and the P value (probability that R is zero) of the linear regression are given in parentheses. Slope for Ala445-hGDH2: 6.06 ± 0.52 (R = 0.986, P = 0.0003). Slope for hGDH2: 1.56 ± 0.23 (R = 0.940, P = 0.0005). Slope for hGDH1: 0.76 ± 0.57 (R = -0.556, P = 0.251). This Figure is from Plaitakis et al. [60] Neurochem Res (2014) 39:460-470 467 deregulated activity of the Ala445-hGDH2 variant was resistant to GTP inhibition and could be further enhanced by ADP and L-leucine [60] . However, similarly to the wildtype hGDH2, the overactive Ala445-hGDH2 variant was also sensitive to inhibition by estrogens and is thought to protect female PD patients who were heterozygous for the T1492G change. [60] . PD is characterized by degeneration of the dopaminergic (DAergic) neurons located in the substantia nigra (SN) pars compacta of the midbrain. The resulting loss of the DAergic terminals in the neostriatum is thought to be responsible for the main neurologic manifestations of the disorder. While the aetiology of this rather selective DAergic neuronal loss that occurs in the common sporadic PD cases remains unknown, rare genetic defects causing familial PD are shown to alter mitophagy, a form of autophagy linked to energy sensing [62] . Mitophagy is thought to protect the cells from disordered metabolism and the release of pro-apoptotic agents. The importance of GDH in these processes is underscored by recent observations showing that glutamate flux through this enzyme mediates cell signalling by modulating the mTORC1 pathway that leads to autophagy [63] . As DAergic neurons are vulnerable to energy perturbations, our findings that a gain-of-function for hGDH2 variant accelerates PD onset have connected altered glutamate/energy metabolism with cellular processes implicated in PD pathogenesis.
Some of the properties acquired by hGDH2, such as resistance of hGDH2 GTP inhibition and ability to operate efficiently at a relatively acidic cellular environment, may represent an adaptation to conditions that prevail in astrocytes during excitatory neurotransmission. As described above, glutamate transport in mouse astrocytic cultures induced significant mitochondrial matrix acidification that in turn decreased respiration and ROS formation [55] . As mROS is a by-product of normal mitochondrial respiration, with 0.2-2 % of consumed oxygen shown to be transformed into mROS from complexes I and III of the mitochondrial respiratory chain [56] , decreased mitochondrial oxidative metabolism may protect the cell from ROS production.
While the ability of hGDH2 to function efficiently in an acidic environment may enable human astrocytes to handle increased loads of transmitter glutamate under physiological conditions, increased glutamate oxidation by the overactive Ala-445-hGDH2 variant may inappropriately boost mitochondrial oxidative metabolism with resultant increased mROS formation. Previous observations on the rotenone PD model have shown that mitochondria exposed to this neurotoxin generate increased ROS upon glutamate oxidation [64] . While normal mitochondria may be protected from deregulated hGDH2 action through safeguard systems, dysfunctional mitochondria that may accumulate in PD brain due to impaired mitophagy may be particularly vulnerable to enhanced mitochondrial glutamate oxidation.
Perspective
As discussed in this review, the enhanced capability of hGDH2 to metabolize glutamate under conditions that prevail in astrocytes during excitatory neurotransmission may have played a role in brain evolution and the expanded cognitive abilities of the humans. It is known that the adult nerve tissue has the highest energy demands and that this demand is increased in the developing brain, as the growth of axonal and dendritic arborization and the formation of elaborate synaptic connections are energy requiring processes. Moreover, the intense excitatory neurotransmission associated with motor, sensory and cognitive processes augment the energy demands of tripartite glutamatergic synapses. Under these conditions, the properties acquired by hGDH2 during its evolution may help astrocytes to handle increased loads of transmitter glutamate. However, given that hGDH2 is not subject to GTP control, humans by acquiring this isoenzyme may have become vulnerable to deregulation of this enzyme's function. Specifically, mutations that enhance the catalytic function of hGDH2 may alter a fine line that exists between its physiological role and its potential to induce cell damage. Given the dynamic nature of the catalytic function of GDH and the availability of agents capable of regulating this pathway, understanding of these mechanisms may provide the tools for modifying the natural history of PD and perhaps other human degenerations.
